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Introduction
Perovskite-type (Ba, Sr, Ca)(Zr, Ce)O 3 oxides exhibit good protonic conduction under hydrogen-containing atmosphere at elevated temperature, and are promising for applications of proton-conducting solid oxide fuel cells (H-SOFCs), hydrogen separation membranes, hydrogen pumps, hydrogen sensors and steam electrolyzers for hydrogen production [1, 2] . For instance, hydrogen-fueled H-SOFCs with BZCY electrolytes made by Yang et al [3] achieved a power density of 700 mW cm −2 at the relatively low temperature of 700 • C, and BZCY-based cells made by Meng et al [4] reached 371 mW cm −2 . Our group has been investigating thermal stability (in CO 2 atmosphere), ionic conductivity Cerate-based proton conductors have a high ionic conductivity but exhibit poor chemical stability in CO 2 -and H 2 O-containing atmosphere at elevated temperature [9] . Although zirconate-based proton conductors have lower ionic conductivity, they show good thermal and mechanical stabilities [10] . The previous results suggested that protonconducting solid solutions between cerate and zirconate may have both high proton conductivity and good chemical stability [11, 12] . A II B IV O 3 -based proton conductors have been doped in the B site by lower valence elements, typically Y 3+ (R III = 0.9Å) or trivalent rare earth metal cations, creating oxygen vacancies. Subsequent exposure to humid atmospheres is presumed to lead to the incorporation of protons, resulting in proton conduction [13, 14] .
BaCeO 3 has a transition sequence of orthorhombic (Pnma)-orthorhombic (Imma)-rhombohedral (R3c)-cubic (Pm3m) at 290, 400 and 900 • C, respectively [15] . Different phases were reported at room temperature for BaCeO 3 prepared by various methods, including orthorhombic, tetragonal, pseudocubic and cubic phases [16] . This type of perovskite can crystallize in various structures, depending on processing method and sintering condition. BaZrO 3 is cubic at and above room temperature [17] . Yttria-stabilized zirconia (YSZ) has a disordered cubic face-centered fluorite-type lattice in which the Zr 4+ cations are partially substituted by the Y 3+ cations and one oxygen vacancy per pair of Y 3+ ions is generated. The neutron diffraction result suggested a rhombohedral R3c phase for Ba(Ce 0.8 Y 0.2 )O 2.9 (BCY82) at room temperature [18] . A coexistence of rhombohedral and monoclinic phases was proposed for BCY82 [19] .
There is not much knowledge of the temperaturedependent phase diagram regarding the proton-conducting Ba(Zr, Ce, Y)O 3−δ ceramics even though the mixed compounds with the addition of yttrium are important for fuel cell and hydrogen separation membrane applications. The thermal structural property is an important factor for using proton-conducting Ba(Zr, Ce, Y)O 3−δ ceramics in fuel cells. In this work, temperature-dependent x-ray diffraction (XRD) and micro-Raman scattering were employed to investigate atomic vibrations, lattice parameters of the unit cell and structural transitions of Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 ceramic powders in an argon-containing environment.
Experimental details
The glycine-to-nitrate (G/N) combustion process was used to synthesize nanosized Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 (BZCY) ceramic powders as a function of cerium-to-zirconium ratio (x = 0.0-0.8) [7] . The glycine-to-nitrate molar ratio used to fabricate BZCY powders is G/N = 1/2, because it can fabricate nanosized and single-phase ceramic powders [7] . All synthesized powders were calcined at 1400 • C for 5 h in air. From our previous result [7] , the calcined Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 ceramics (x = 0.0-0.8) have similar particle sizes of ∼35-45 nm, indicating that the size effect in Raman vibration could be ignored.
For in situ XRD measurements, a high-temperature Rigaku model MultiFlex x-ray diffractometer with Cu Kα 1 (λ = 0.154 06 nm) and Cu Kα 2 (λ = 0.154 44 nm) radiation was used in the range of 20-900 • C upon heating by steps in an argon-containing atmosphere. The calcined BZCY powders were placed and smoothly pressed on the platinum sample holder. A sum of Gaussian and Lorentzian equations was used to fit XRD spectra for determinations of structures and lattice parameters of the unit cell. For micro-Raman scattering, a double-grating Jobin Yvon model U-1000 double-monochromator with 1800 grooves mm −1 gratings and a nitrogen-cooled CCD as a detector were employed. A Coherent model Innova 90 argon laser of wavelength λ = 514.5 nm was used as an excitation source and the Raman spectra were collected at 150-1000 cm −1 from 20-900 • C by steps. This suggests a simple cubic (sc) unit cell according to the structure-factor calculation [20] . The cubic lattice parameter was estimated from the (110) peak (2θ = 29.75 • ) and is a = 4.2436Å for BZY82 at room temperature. As indicated by the dashed line, the XRD peak shifts towards lower 2θ degrees as cerium content increases, because Ce 4+ (R VI = 0.87Å) has a larger ionic radius than Zr 4+ (R VI = 0.72Å) [21] . Single-peak reflections appear in the XRD spectra of lower-cerium compounds (x = 0.0-0.4), indicating a cubic phase above room temperature. As cerium increases (x = 0.5-0.8), the XRD spectra exhibit obvious multi-peak reflections, especially at higher 2θ. To study the phase transition development as a function of cerium composition (x), the (110) XRD reflections of BZCY (x = 0.0-0.8) powders taken at room temperature are enlarged in figure 2 with fitting profiles. Solid and dashed lines represent reflections from Kα 1 and Kα 2 radiation, respectively. The (110) reflection exhibits an obvious two-peak splitting (from each radiation) for x = 0.5-0.8, especially a significant shift to 
Results and discussion
where (h, k, l) and (a R , α) are crystallographic orientation and lattice parameters of the rhombohedral unit cell, respectively [20] . In addition, the (200) reflection begins to appear as a two-peak splitting in Ba(Zr 0.2 Ce 0.6 Y 0.2 )O 2.9 as shown in figure 1 , implying a development of a minor monoclinic phase in the rhombohedral matrix. According to equation (1), only a single XRD peak is allowed from the (200) reflection for a rhombohedral (R) unit cell. The polar axis of the monoclinic (M) phase is contained in the (110) plane along a direction between that of the tetragonal and rhombohedral polar axes. Additional XRD peaks can occur in the (200) reflection for a monoclinic structure as observed in the monoclinic PZT ceramic [22] . The sudden shift (to low angle) in the (110) reflection of Ba(Zr 0.2 Ce 0.6 Y 0.2 )O 2.9 is likely associated with the appearance of a monoclinic phase. These results suggest that a minor monoclinic phase coexists in the rhombohedral matrix for higher-cerium BZCYs ceramics (x = 0.5-0.8). This is consistent with the previous neutron diffraction results, which suggested a coexistence of rhombohedral and monoclinic phases for Ba(Ce 0.8 Y 0.2 )O 2.9 (BCY82) at room temperature [19] . Figure 3 shows the micro-Raman spectra of BZCY (x = 0.0-0.8) ceramic powders at room temperature. The major vibrations of Raman modes of BZY82 appear at ∼240, ∼370, ∼420, ∼500, ∼560 and ∼720 cm −1 as indicated by arrows. As indicated by the dashed lines, vibration modes shift towards lower frequency as cerium content increases, due to the larger atomic mass of cerium compared with Zr. As indicated by the '*', a broad Raman mode as a shoulder (beside the 360 cm −1 vibration) begins to develop near 380 cm −1 in BZCY442 and its intensity grows stronger as cerium increases. The relative intensities of Raman modes near 350 and 380 cm −1 become dominant vibrations and are stronger than the Raman mode near 680 cm −1 for x = 0.5-0.8. The occurrence of an extra vibration mode is consistent with the XRD result, in which an obvious multi-peak splitting appears in the higher-cerium BZCY ceramics (x = 0.5-0.8), due to the reduction in symmetry from a cubic to a rhombohedral phase.
To explain the Raman modes of BCY82, a shoulder vibration ('#') and four major modes ('1-4') are marked in figure 
where ( A single Raman vibration of ∼461 cm −1 was observed in the fluorite structure CeO 2 and corresponds to the F 2g Raman-active triply degenerate mode [25] . This mode is the symmetrically radial breathing mode of the CeO 8 vibration unit [26] . The Raman spectrum of CeO 2 -ZrO 2 ceramic also exhibits a strong vibration near 470 cm −1 due to the F 2g mode of the fluorite-type lattice [27] . Thus, the weak Raman vibration of v 3 ∼ = 440 cm −1 in BCY82 can be viewed as a symmetric radial breathing mode of the six oxygen ions around Ce 4+ and Y 3+ ions in the perovskite structure, in which the frequency increases with decreasing x as the heavier Ce 4+ ions are replaced by Zr 4+ ions. A strong and broad Raman vibration appears in the region of 620-650 cm −1 in Y 2 O 3 -ZrO 2 , CeO 2 -ZrO 2 [28, 29] and [30] . The 640 cm −1 vibration in the 3% (mole fraction) Y 2 O 3 -ZrO 2 was attributed to the Zr-O stretching mode with Zr 4+ and O 2− ions vibrate along the z axis in the structure of tetragonal-phase ZrO 2 [31] . Thus, the v 4 ∼ = 635 cm −1 of BCY82 in figure 3 should correspond to the Ce-O stretching mode. The v 4 shifts to higher frequency with decreasing x as the heavier Ce 4+ ions are replaced by Zr 4+ ions.
To illustrate the evolution of Raman spectra as temperature increases, in situ temperature-dependent microRaman spectra are given in figure 4 for BZCY (x = 0.5-0.8) upon heating. As indicated by the dashed lines, the Raman modes near 640-660 cm −1 shift to higher frequencies as temperature increases. The double peaks near 340-370 cm −1 become broader and their relative intensities decrease gradually as temperature increases. Figure 6 shows temperature-dependent lattice parameters (a and α) of the rhombohedral and cubic phases of higher-cerium BZCY (x = 0.5-0.8) upon heating. The lattice parameters of the unit cell were determined by fitting the (110) reflection, which is the most pronounced peak. The lattice parameters exhibit a step-up-like anomaly as temperature approaches the transition temperature as indicated by the dashed line. The gradual increase of lattice parameters (a R and a C ) is mainly due to thermal expansion of the unit cell. Results for lower-cerium BZCY (x = 0.0-0.4) ceramic powders are not shown because they have no obvious phase transition above room temperature.
The phase diagram (transition temperature versus Ce content) of BZCY (x = 0.0-0.8) ceramics upon the heating process is summarized in figure 7 . A rhombohedral (R)-cubic (C) phase transition occurs in higher-cerium BZCY ceramics for x = 0.5-0.8. In addition, a minor monoclinic phase coexists in the rhombohedral matrix for x = 0.5-0.8. The R-C transition temperature increases with increasing Ce content, except that the transition of BCY82 occurs at lower temperature than Ba(Zr 0.1 Ce 0.7 Y 0.2 )O 2.9 . This may imply that the R phase is favored both by Ce replacing Zr, and by Ce-Zr disorder on the perovskite B sites.
Conclusions
In situ temperature-dependent micro-Raman scattering and XRD have been used to investigate structures, lattice parameters, Raman vibration modes and phase transitions of calcined BZCY ceramics (x = 0.0-0.8) synthesized by the glycine-nitrate combustion process with G/N = 1/2. A second phase (other than perovskite) was not observed for BZCY ceramic powders calcined at 1400 • C for 5 h. A rhombohedral-cubic transition was observed in higher-cerium BZCYs (x = 0.5-0.8) and the transition shifts towards higher temperature as cerium content increases, except for BCY82. A minor monoclinic phase coexists in the rhombohedral matrix in the higher-cerium BZCYs (x = 0.5-0.8). The lower-cerium BZCY ceramics (x = 0.0-0.4) have only a cubic phase at and above room temperature. The X-O (X = Ce, Zr, Y) stretching modes are sensitive to the change of cerium content and can be used to study the doping or substitution effects of the electrical conductivity and electrochemical properties in proton-conducting BZCY ceramics. This work reveals that the lower-cerium BZCY (x = 0.0-0.4) ceramics exhibit thermal structural stability in the high-temperature region and are promising for applications of proton-conducting solid oxide fuel cells.
